• Phylogenetic distribution and a possible evolutionary scenario of the newly identified NMN synthetase
solution containing the original reservoir solution and PEG 3350 increased to a final concentration of 40%. The diffraction data were collected on an R-AXIS IV image plate detector with X-ray generated by Rigaku FR-E SuperBright generator equipped with Osmic's VariMac focusing device and were processed with HKL2000 (3). The structure was solved by the molecular-replacement method of Molrep (4) using the Bacillus subtilis (bsNadE) structure (5) as the initial search model (pdb code 1kqp). The refinement and manual model building were performed with the program Refmac (6) of the CCP4 program suite (7) and COOT (8) . The crystal data and current refinement statistics of ftNadE* structures are listed in SI Table 4 .
Enzyme assays and steady-state kinetic analyses.
These assays were used to assess apparent values of kinetic parameters toward pyridine nucleotide substrates (NaMN, NMN, and NaAD at 10 μM-8 mM)) at constant saturating concentration of other substrates (2 mM ATP for all enzymes and 4 mM NH 4 Cl for NadE enzymes). The amount of enzyme in the reaction mixture was maintained at a level between 0.1 and 500 μg/ml, leading to 1-10% substrate consumption within the incubation time. For HPLC assays, the linearity of response was assessed by the analysis of aliquots taken at 2-3 time points over the course of reaction. Apparent values of K m and k cat were calculated by fitting initial rates to a standard Michaelis-Menten model using the software Prism 4 (GraphPad), unless otherwise stated.
Continuous coupled assays -NaMN and NMN adenylyltransferase activity
The respective activities of NadD and NadM enzymes were measured with continuous assay coupling NAD formation to the alcohol dehydrogenase-catalyzed conversion of NAD to NADH as described (9) with slight modifications. Reactions were performed in a reduced volume of 100 uL using UV-transparent micro-cuvettes (BrandTech Scientific, Essex, CT) at 37 °C and monitored by the change in UV absorbance at 340 nm using a Beckman DU-800 spectrophotometer. Assay mixtures contained 2 mM ATP, 10 mM MgCl 2 , 20 mM semicarbazide, 6 U/ml alcohol dehydrogenase, and 60 mM ethanol in 50 mM Hepes (pH 7.5). The reaction was started by adding either NMN or NaMN to 1 mM. To evaluate the NaMNspecific activity, an excess of pure recombinant NAD synthetase from C. glutamicum and NH 4 Cl to 5 mM were also added. An NADH extinction coefficient of 6.22 mM -1 cm -1 was used for initial rate calculations using Multimode Detection software (Beckman).
Continuous coupled assay -NAD synthetase activity
The measurement of NAD synthetase (NADS) activity was determined as reported previously (10) . Briefly, the reactions containing 2 mM ATP, 10 mM MgCl 2 , 20 mM semicarbazide, 6 U/ml alcohol dehydrogenase, 60 mM ethanol, 5 mM NH 4 Cl in 50 mM Hepes (pH 7.5) were initiated by adding NaAD to 1 mM.
Discontinuous (2-step) coupled assay -NMN synthetase activity
We developed a two-step spectrophotometric assay coupling the NMN synthetase activity to NADH formation via conversion of NMN to NAD by added excess of the purified recombinant ftNadM, followed by alcohol dehydrogenase-catalyzed conversion of NAD to NADH. The first step reaction (in 200 uL: 100 mM Hepes pH 7.5, 10 mM MgCl 2 , 1 mM NaMN, 2 mM ATP, 5mM NH 4 Cl) was started by the addition of NadE enzyme. After incubation at 37 o C, the reaction was stopped by rapid cooling and removing of the active enzyme by microultrafiltration with Microcon YM-10 centrifugal filters (Amicon, Bedford, Mass.) . A complete conversion of NMN into NADH was then accomplished by addition of one volume of the coupling buffer: 50 mM Hepes (pH 7.4), 20 mM Semicarbazide, 120 mM EtOH, 1.4 U of alcohol dehydrogenase and pure recombinant ftNadM. The mixture was incubated at 25 °C for 20 min and NADH concentration was determined by absorbance at 340 nm (molar extinction of NADH used for all calculations was 6,220 M -1 cm -1 ).
HPLC-based assay -NMN and NAD synthetase activities, and in vitro pathway reconstitution
A direct HPLC-based assay was used to directly assess and compare NMN synthetase and NAD synthetase activities of all NadE enzymes (including those from C. glutamicum and H. pylori), to determine steady-state kinetic parameters (for NaMN and NaAD) of ftNadE* and baNadE enzymes and to monitor pathway reconstitution using mixtures of purified recombinant enzymes. Kinetic assays were carried out in 0.1 ml reaction mixtures in 96-well plates containing 50 mM Hepes (pH 7.5) with 10 mM MgCl 2 and 4 mM NH 4 Cl. The enzymes ftNadE* and baNadE were incubated with 2 mM ATP and varying concentrations (from 50 microM to 12.5 mM NaMN or NaAD at 37°C. For in vitro pathway reconstitution, mixtures of purified ftNadE* and ftNadM or baNadD and baNadE (3-100 μg ml −1 each) were incubated with 2 mM ATP, 1 mM NaMN, 10 mM MgCl 2 and 4 U/ml inorganic pyrophosphatase in 50 mM Hepes, pH 7.5 at 37 °C for 0.5-1 h and analyzed by ion-pair HPLC on LC-18T column (Supelco). Reactions were stopped by adding half-volume of ice-cold 1.2M perchloric acid (HClO 4 ). After 10 min at 4 °C, samples were centrifuged and brought to pH 6 by 0.8M K 2 CO 3 addition. Proteins were removed from the supernatant by microultrafiltration and the filtrates were analyzed by RP-HPLC using a Shimadzu Prominence HPLC system with LC-10AD solvent delivery system, CBM-20AD system controller, SPD-20AD UV/Vis detector, SIL-20A auto sampler, CTO-20A column oven and DGU-20A3 on-line degasser. The separation was performed at room temperature on a Supelco LC-18-T (15 cm × 4.6 mm, 3 μm particle size) column equipped with Supelguard LC-18-T (2.0 cm × 4.0 mm, 5 μm particle size) guard column (Supelco, Bellefonte, PA), monitoring absorbance at 254 nm. Data were collected and processed by EZstart software package (Version 7.3) . Chromatographic conditions and a standard separation are illustrated in Supplementary Fig.4 . Molar areas were determined using calibration with standard solutions under the same chromatographic conditions. NMN synthetase activity in cleared cellular lysates. Crude extracts of F. tularensis strain U112 wild-type and NadE* knockout mutant were prepared from mid log-phase grown cells as described above for protein purification. Briefly, cells were harvested, and resuspended for 20 min in a buffer with 1 mg/ml lisozyme, 2 mM PMSF, and 2 mM β-merchaptoethanol. After a cycle of thawing and sonication, cell debris was removed by centrifugation and the supernatant was probed for NMN synthetase activity (HPLC-based assay).
Mathematical Modelling of the Mixed Enzymatic Solution System
Mathematical model A mathematical model describing a well-mixed enzymatic solution system, depicted in Scheme 1, is a set of standard kinetic mass balances [1] , ] [
Here t is time, [A] is the concentration of NaMN, [B] is the concentration of NMN, [C] is the concentration of NaAD, and [D] is the concentration of NAD (the nomenclature of metabolite and enzyme names is provided in the main text and in Figure 1 ). V 0 is the constant influx of NaMN into the system and k D is the degradation/utilization kinetics rate constant for NAD. The reaction rates V 1 , V 2 , V 3 , and V 4 , and the corresponding kinetic constants are provided in SI Table 5 and SI Table 6 , respectively. The mathematical expressions for the kinetic rates (i.e. V 1 , V 2 , V 3 , and V 4 ) are obtained using a standard Michaelis-Menten approach (11, 12) . Below the following two different modelling situations are considered in detail, (1) simulation of transient time courses in a closed well-mixed "test-tube" enzymatic solution system (i.e. when V 0 = k D = 0) and (2) the analysis of the steady-state fluxes and the metabolite concentrations in an open "cellular subsystem" with a non-zero mass flow across the subsystem's systematic boundary. In this case, the nonzero values of V 0 and k D are set so that [D] = 1 (mM) at the steady-state. To relate the data in Table 1 and 2 here (i.e. k i , K i , i = 1, 2, 3, 4) to the corresponding kinetic parameters in Table 1 of the main text, we note that (k 1 , K 1 ) = (k cat , K m ) for ftNadE* (NaMN) and baNadE (NaMN), respectively; (k 2 , K 2 ) = (k cat , K m ) for ftNadM (NaMN) and baNadD (NMN), respectively; (k 3 , K 3 ) = (k cat , K m ) for ftNadM (NMN) and baNadD (NaMN), respectively; and (k 4 , K 4 ) = (k cat , K m ) for ftNadE* (NaAD) and baNadE (NaAD). (4) with zero V 0 and k D , it can be shown that the total sum of metabolite concentrations is preserved and does not change in time t, (5) is called a total moiety conserved pool. Mathematically, (5) means that differential equations (1) -(4) are linearly dependent and, therefore, to calculate the corresponding time courses in (1) -(4), only three differential equations, combined with the algebraic equation (5), are required. Specifically, equations (2) - (4) (6) 
Transient time courses in
, ] [
The dependence of V 1 , …, V 4 on [A] is excluded from (7) -(9) using (6) substituted into the corresponding mathematical expressions for rates V 1 , …, V 4 given in Table 1 .
To estimate the contribution of the two different routes, Route II utilizing enzymes ftNadE and ftNadM and Route I utilizing enzymes baNadD and baNadE, into the formation of the final product D (i.e. NAD), equation (9) was additionally replaced by two equations
Here
). Equations (6) - (8), (10) and (11) were integrated using the Matlab From SI Figure 10 , we find that in the case of organism F 100% of NAD is produced utilizing Route II when the concentration of E 1 is greater than the concentration of E 2 , that is [E 1 ]:[ E 2 ] = 10:1 (see SI Figure 10 (a) and (b)). In the other two cases, depicted in SI Figure  10 (c) -(f), both enzymatic routes are involved in the formation of NAD. However, such scenarios may be unlikely to happen in or could be highly inefficient for organism F as in this case it can take 15-150 times longer to produce NAD. Note that for organism B, Route I always prevails over Route II in the formation of NAD as seen from SI Figure 11 
It follows from (12) 
Due to the choice of the specific values for V 0 and k D , we have [D] = 1 (mM). The steady-state values of metabolite concentrations and fluxes for organisms F and B with different ratios of enzyme concentrations E 1 and E 2 were obtained using a Matlab © numerical solver fsolve utilizing the Gauss-Newton method applied to the system of algebraic equations , 0
, 0
The equations (14) - (17) are obtained from the differential equations (1) - (4) by equating the time derivatives to zero values,
/dt = 0 (mM·s -1 ). Appropriate approximations for the solutions to (14) - (17), used as initial conditions for the Newton-like solver fsolve, were generated by the direct integration of equations (1) - (4) over a long time interval, t end = 10 4 (s). The stability of the corresponding steady-state solutions was calculated using Matlab © function eig utilized to calculate the eigenvalues of the Jacoby matrix of partial derivations of the linearization of (14) - (17) at the solution. The Jacoby matrix was directly available from fsolve function. The corresponding steady state concentrations and fluxes are summarized in Table 3 for different values of enzyme concentrations ratios in organisms F and B. An example of eigenvalues (i.e. λ k , k = 1, … , 4) calculated to evaluate the stability is given below for organism F with [E 1 ]:[E 2 ] = 10:1. The negative real parts of the eigenvalues are indicative of the asymptotical stability of the algebraic solutions to (14) - (17) viewed as the corresponding steady states in the full system (1) - (4), Table 3 , show that in all the three cases, NAD is solely produced utilizing Route I only.
Francisella tularensis nadE* knockout mutant and complementation study
To address the in vivo function of ftNadE* we used a nadE transposon mutant of F. tularensis subsp. novicida strain U112. The transposon T20 in the mutant tnfn1_pw060328p05q173 is inserted in the nadE gene (FTN_1278) between nucleotide (nt) 414 and nt 415. The insertion was confirmed by PCR and sequencing using the transposon-specific primer KAN-125 and the flanking primer NADE-ECO. The same approach was used to analyze the viable nadM transposon mutant. The transposon T20 in the mutant tnfn1_pw060328p06q193 is inserted in the nadM gene (FTN_0483) between nt 565 and nt 566. The insertion was confirmed by PCR and sequencing using the transposon-specific primer KAN-125 and the flanking primer NADM-SAL. The mutants tnfn1_pw060328p05q173 and tnfn1_pw060328p06q193 were obtained from a comprehensive sequenced-defined transposon mutant library (13) . The PCR reactions were performed with these primers: KAN-125, 5'-AACGCAGACCGTTCCGTGGC-3', NADE-Eco, 5'-ATGAATTCTGGGCAAAGAATTGCTGAAATAACTAAGG-3', and NADM-Sal, 5'-ATGTCGACGGGTCATTAAAGCTTGTATTTAGGGAGC-3'. For complementation study the nadE gene was PCR-amplified from F. tularensis subsp. novicida genomic DNA with primers NADE-NcoI (CGCGCGCCATGGGCATGAAAATAGTTAAAGATTTTAGTCCTAAAGA) and NADE-EcoRI (CGGAATTCTCAGAAATTAGGAGTTAAAGCTAATTTTCTCT). The PCR fragment was digested with NcoI and EcoRI, and ligated into pKEK894 (14) digested similarly. The new resulting plasmid was named pKEK1210 (pnadE). Cloning was performed into E.coli strain DH5α. F. tularensis subsp. novicida strains were grown on TSM (tryptic soybean media), TSAP (tryptic soybean agar plates) supplemented with 0.1% cysteine, 25 mg/ml ferrous sulfate, 25 mg/ml sodium pyruvate, and 25 mg/ml sodium metasulfite, or on Chamberlain's defined medium (CDM) (15) . Antibiotics were used at following concentrations: kanamycin 50 µg/ml, and tetracycline 10 µg/ml. Plasmid pKEK1210 was transformed into ∆nadE mutant (tnfn1_pw060328p05q173) (13) via electroporation (16) . Transformed bacteria were then plated on media selective for tetracycline. A selected clone in which the plasmid pKEK1210 was confirmed (PCR, plasmid digestion and sequencing) was denoted KKF302 (∆nadE + pnadE).
In vivo assessment of NAD biosynthetic intermediates.
F. tularensis strain U112 and B. anthracis strain Ames were grown in rich media (Trypticase Soy Broth and Luria Bertani, respectively) to log phase (OD 600nm ~1) and harvested by centrifugation. To assess relative abundance of the NMN intermediate in the F. tularensis wild type and NadE* knockout mutant, cells were grown in defined medium (Chamberlain) with 200 uM nicotinamide. Perchloric acid (PCA) extraction of pyridine nucleotides was adapted from Maharjan et al. (17) . The cells were washed twice with cold PBS, followed by two cycles of freezing and thawing. Cells were then resuspended in 1:50 volume of MilliQ water, centrifuged, and extracted with 1:500 volume of 50% (V/V) ice-cold perchloric acid. After brief vortexing, the mixture was kept on ice for 15 min. Cell debris was removed by centrifugation, and supernatant was neutralized with 5N KOH; the resulting supernatants were removed and the extracts adjusted to pH 6.5. Extracts were aliquoted and stored at -20°C. NMN and NaAD intermediates were identified by HPLC analysis as described for the HPLCbased assay. In order to provide an accurate quantisation of these metabolites, these samples were subjected to enzymatic depletion of NMN and NaAD content by using an excess amount of ftNadM and baNadE that would convert both intermediates to NAD in the proper buffer conditions. Total enzymatic depletion of intermediates was tested and optimized by adding exogenous NMN and NaAD at 100 uM in the presence or absence of the enzymes. Net NMN and NaAD concentrations were determined by subtracting samples' peaks from the corresponding peaks of the enzymatically depleted samples (see SI Fig. 11 for an example of NMN quantisation). For the enzymatic depletion of NMN and NaAD, 80 uL of extracts were diluted in 200 uL of buffer containing 50 mM Hepes (pH 7.5), 10 mM MgCl 2 , 4 mM NH 4 Cl, 2 mM ATP, and supplemented with an excess amount of ftNadM and baNadE recombinant enzymes. baNadE (B), baNadD (C), ftNadM (D) . Apparent kinetic parameters for the respective pyridine nucleotide substrates were determined at saturating ATP (for NMN-NaMN adenylyltransferase activity assays) or at saturating ATP and NH 4 Cl (for NaMN-NaAD synthetase assays). Data were fit to the Michaelis-Menten equation. Note that up to 20-30% substrate inhibition was observed for ftNadE* NMN synthetase activity at NaMN concentration above 3 mM. Therefore a limited data set (up to 1.2 mM) was used for the approximation by a simple Michaelis-Menten model. Fitting the entire data set (up to 6.4 mM) using a substrate inhibition model resulted in similar K m and k cat values (data not shown). 
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The relative substrate preferences were assessed for NadE enzymes from C. glutamicum and H. pylori by measuring their specific amidation activities at fixed 2 mM concentrations of NaMN and NaAD by HPLC analysis. Complete organism names for all NadE representatives are provided in SI Table 1 . Those with known 3D structure are underlined. The signature "P-loop" motif residues are highlighted in black. Locations of secondary structure elements are marked for ftNadE* and bsNadE with "h" for helix and "e" for strand. Conserved small or polar residues are highlighted in gray. Table 5 . Kinetic rates for enzymatic reactions as in Scheme 1.
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Supplementary discussion
Phylogenetic distribution and a possible evolutionary scenario of the newly identified
NMN synthetase
The phylogenetic distribution of the newly identified NMN synthetase, a signature enzyme of the Route II (NaMN NMN NAD) pathway, appears to be rather limited.
A comparative sequence analysis of all representatives of the NadE family from the 650 completely sequenced genomes integrated in The SEED allowed us to identify only two additional representatives of the NadE* branch beyond the seven strains of F. tularensis. As can be seen from the simplified tree (SI Fig. 8 ) of single-domain members of the NadE family in bacteria (same as those included in the NAD subsystem in SI Table 1 and in the multiple alignment in SI Fig. 7 ), a relatively well-separated NadE* branch contains the proteins from two species of the Pasteurellaceae group, Mannheimia succinoproducens and Actinobacillus succinogenes. Amino-acid sequences of both Pasteurellaceae enzymes are generally close to the sequence of ftNadE* (54% identity) and share with it a number of residues listed above as part of an NMN synthetase signature contributing to its unique substrate preference.
Colocalization of M. succinoproducens and A. succinogenes nadE* genes in the same operon with the pncB gene encoding nicotinate phosphoribosyltransferase suggests that together these two enzymes may compose a new variant of the nicotinic acid (Na) salvage pathway (SI Fig. 2 ). In this pathway, Na would be transformed to NaMN by the PncB enzyme, followed by the amidation of NaMN to NMN intermediate, which would then be converted to the NAD cofactor by the NMN adenylyltransferase of the NadR family. The latter enzyme was previously characterized as the only housekeeping adenylyltransferase in H. influenzae (9) . The NMN adenylyltransferase and the RNm kinase (encoded in the C-terminal domain of the NadR protein) activities together with the PnuC transporter compose the RNm salvage pathway that is present in all Pasteurellaceae, including M. succinoproducens and A. succinogenes. However, the presence of pncB and nadE homologs is the unique feature of the latter two strains. Identification of a similarly organized pncB-nadE operon in some Gram-positive bacteria suggests a possible evolutionary scenario that involves its horizontal transfer to a common ancestor of M. succinoproducens and A. succinogenes.
As most of NAD biosynthetic machinery (including the NaMN adenylyltransferase of NadD family) was lost in the common ancestor of all Pasteurellaceae, the NAD synthetase activity of the acquired conventional NadE enzyme would not give any competitive advantage. It is tempting to speculate that a fully functional NMN synthetase could have evolved in this genetic background starting from a low sideactivity of the acquired (and otherwise obsolete) NAD synthetase enzyme. It is conceivable that an evolved nadE* gene could become a subject of further horizontal transfer events, e.g., to an ancestor of F. tularensis. A combination of NMN synthetase with NMN adenylyltransferase (of the NadM family) would enable an alternative NAD biosynthetic route and allow the elimination of the functionally redundant conventional pathway from F. tularensis. Although the proposed evolutionary scenario is highly speculative, it allows us to explain most of the presently available data.
Comparison of the chromosomal arrangement of the nadE* and nadE genes. In both members of Pasteurellaceae group, the gene nadE* occurs in the operon-like chromosomal cluster containing gene pncB. A similar chromosomal arrangement can be found for the canonical nadE gene in a number of Gram-positive bacteria, as illustrated here for Desulfitobacterium sp Y51. Both genes, pncB and nadE from the latter organism, are close homologs of pncB and nadE* genes from Pasteurellaceae (~43% and 48% identity, respectively). Genes surrounding this cluster and not conserved between any of these species are colored grey. HGT 2 endows an ancestor of all Francisella spp with a Route II of NAD synthesis (nadE*-nadM), which could lead to the consecutive loss of a redundant Route I (nadD-nadE).
HGT 1 followed by evolution of the NMN synthetase specificity provides these Pasteurellaceae species with the ability to salvage niacin from the environment
